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Muscular Thin Films for Building Actuators and Powering Devices
Adam W. Feinberg, 1 Alex Feigel, 2 Sergey S. Shevkoplyas, 2 Sean Sheehy, 1 George M. Whitesides, 2 * Kevin Kit Parker 1 * We demonstrate the assembly of biohybrid materials from engineered tissues and synthetic polymer thin films. The constructs were built by culturing neonatal rat ventricular cardiomyocytes on polydimethylsiloxane thin films micropatterned with extracellular matrix proteins to promote spatially ordered, two-dimensional myogenesis. The constructs, termed muscular thin films, adopted functional, three-dimensional conformations when released from a thermally sensitive polymer substrate and were designed to perform biomimetic tasks by varying tissue architecture, thin-film shape, and electrical-pacing protocol. These centimeter-scale constructs perform functions as diverse as gripping, pumping, walking, and swimming with fine spatial and temporal control and generating specific forces as high as 4 millinewtons per square millimeter. M uscle cells are microscale linear actuators driven by the activation of actinmyosin motors, coordinated in space and time through excitation-contraction (EC) coupling (1, 2) . Structure-function relations are conserved over several orders of spatial magnitude, from the sarcomere to the muscle bundle, by virtue of a hierarchical architecture. These architectures are achieved by morphogenesis programs that are responsible for coupling a broad range of processes, from sarcomeregenesis to the integration of the biochemical and electrical networks that support muscle function (1) . Muscle actuation occurs over a wide range of frequencies (0 to~100 Hz), spatial dimensions (5 mm to ≥1 m), and force regimes (~5 mN to ≥1 kN) (3, 4) . Artificial muscles can match certain temporal, spatial, or force regimes typical of biological muscle (5, 6) , but they cannot fully replicate all of these capabilities, nor can they use the same high-density energy sources. Thus, engineered muscle remains an attractive method for building actuators and powering devices from the micro to macro scales.
Device design with engineered tissues faces many of the same technical challenges as therapeutic cardiac tissue engineering [reviewed in (7) ], the most difficult of which is proper replication of morphogenetic coupling schemes in three dimensions. Tissue-engineered myocardium based on cardiomyocytes seeded into gels (8) , rolled up from sheets (9), or released from surfaces (10) has demonstrated the potential to produce actuators (11), tissue grafts (12) , and power microdevices (13) . The utility of these techniques is limited by the geometry of the device, but recent work in soft lithography (14) (15) (16) has provided new techniques to replicate cell and tissue microenvironments in vitro, suggesting an alternative means of achieving the functionality of a three-dimensional (3D) device with a 2D tissue.
We reasoned that to mimic the functionality of muscle bundles, a 2D engineered muscle tissue on a free-standing, flexible thin film would allow three degrees of freedom during contraction. We built 2D anisotropic cardiac tissues by culturing neonatal rat ventricular cardiomyocytes on polydimethylsiloxane (PDMS) elastomer thin films, muscular thin films (MTFs), which remained planar during myogenesis and then were shaped and released into 3D. Shortening of cardiomyocytes during synchronous contraction caused the PDMS thin film to bend during systole (contraction) and return to its original shape during diastole (relaxation). Based on the ability of these 2D planar shapes to adopt complex 3D conformations (17, 18) , we leveraged the inherent contractility of the cardiomyocytes to create a variety of proof-of-concept 3D actuators and soft robotic devices.
We engineered three kinds of 2D myocardial tissue: isotropic ( Fig. 1 , A to C), anisotropic 2D ( Fig. 1 , D to F), or an array of discrete muscle fibers ( Fig. 1 , G to I) by passive seeding of dissociated ventricular cardiomyocytes on fibronectin (FN)-coated or microcontact-printed (mCP) surfaces (14, 15) . Each tissue type was characterized by distinct differences in sarcomere alignment (i.e., direction of contractility) as well as electromechanical coupling (fig. S1) (19) . Isotropic 2D myocardium had no net alignment of cell bodies ( Fig. 1A) or sarcomeres (Fig. 1C ). Anisotropic 2D myocardium had uniaxial alignment of cell bodies ( Fig. 1D ) and sarcomeres ( Fig. 1F ), fabricated by mCP of alternating highand low-density FN lines based on previously described methods (16) . The array of discrete muscle fibers was similarly fabricated by using mCP of FN lines and had uniaxial alignment of cell bodies ( Fig. 1G ) and sarcomeres ( Fig. 1I ). However, the electrical isolation between the fibers prevented spontaneous contraction of a single fiber from causing the entire MTF to contract ( fig. S1 ). For both kinds of anisotropic tissue, the FN lines served as geometric cues for the inter-and intracellular organization of cardiomyocytes into a tissue and the uniaxial coupling of sarcomere ensembles over length scales from microns to centimeters.
Polymeric thin films were built by spin coating a thermally sensitive sacrificial layer of poly (N-Isopropylacrylamide) (PIPAAm) on glass cover slips and then spin coating a PDMS thin film on top of the PIPAAm ( fig. S2 ) (19) . The thickness of the PDMS film (14 to 60 mm) was controlled by varying the viscosity of the PDMS prepolymer and the spin-coating speed ( fig. S3 ).
Once cured, cardiomyocytes were seeded onto the FN functionalized PDMS/PIPAAm-coated cover slips and cultured at 37°C for 4 to 6 days until a 2D myocardium was formed. At 37°C, PIPAAm was hydrophobic and remained solid when in contact with water, which ensured that the PDMS remained on the cover slip. When removed from the incubator and cooled to room temperature (~22°C), the desired MTF shape was manually prepared with a scalpel; aqueous dissolution of the thermally sensitive PIPAAm layer released the MTF. The PDMS thus served as a detachable, biocompatible substrate for the 2D tissue. Once in solution, the MTF spontaneously adopted a 3D conformation determined by its film properties or was fashioned to create more complex 3D shapes. While the cardiomyocytes provided either spontaneous or paced contractile function, the PDMS thin film allowed mesoscale sculpting of functional forms, restorative elasticity, and improved handling characteristics. Specifically, the PDMS film thickness dictated MTF bending stiffness, and its structural integrity allowed the muscle sheet to be formed into a variety of 3D shapes without disrupting the 2D muscle tissue.
The A similar correlation has been reported between cardiomyocyte alignment and longitudinal and transverse conduction velocities in anisotropic 2D myocardium (16) .
To test our hypothesis that the constructs would display biomimetic functionality, we fabricated simple oscillators, soft robotic actuators, and motile devices that could walk and swim. Soft robotic actuators were constructed with MTFs by controlling process parameters and EC coupling to dictate the 3D conformation of the free-standing construct and the contraction kinetics (19) . Thin-film thickness ( fig. S3 ) could be varied to control diastolic MTF conformation. The elastic modulus for Sylgard 184 PDMS elastomer is 1.5 MPa (20) , whereas the elastic modulus for rat cardiomyocytes is~30 kPa (21), a difference of two orders of magnitude. The MTF bending stiffness was dominated by the PDMS, which ranged from 0.5 to 30 mN/m. MTFs, for which the PDMS thickness was greater than~25 mm, remained planar during diastole. In contrast, thinner films adopted a curved conformation as soon as the MTFs were released from the cover slips ( Fig. 2) , which defined two possible modes of systolic film bending, flexion, or extension. Which surface cardiomyocytes were on, convex or concave, was controlled by the cure temperature of the PDMS, 22°C (room-temperature cure) or 65°C (heat cure), respectively (19) . We designed a number of 2D shapes as templates engineered to adopt defined 3D conformations after release from the cover slip.
When MTFs with 2D myocardium on the concave surface contracted, the radius of film curvature decreased, bending the film further out of plane (flexion). For example, long rectangular strips with anisotropic 2D tissue aligned along their length ( Fig. 2A ). In this configuration, the MTF transitioned from a loosely rolled state (diastole) to a tightly rolled state (systole) during spontaneous, cyclic contractions (movie S2). The stress produced by this rolled MTF at peak systole was at least 15 kPa per contraction [calculated by measuring MTF radius of curvature at peak systole and solving a modified Stoney's equation ( fig. S5 ) (19) . MTF contraction was faster than relaxation; this temporal asymmetry was measured by plotting change in the diameter as a function of time ( Fig. 2B and movie S2). This feature has application in valveless pumping of viscous fluids similar to the embryonic vertebrate heart tube by peristaltic action (22) or hydroelastic impedance (23) . Further, these rolled MTFs are reminiscent of the laminar structure of the ventricle, where anisotropic sheets of cardiac muscle are wrapped to form a cavity whose blood-filled volume is reduced during systole (24) .
When MTFs engineered with 2D myocardium on the convex surface contracted, the radius of film curvature increased (or even inverted), bending the film back in plane (extension). We made helical MTF actuators capable of cyclic, axial extension and rotation created by aligning an array of discrete muscle fibers 5°to 15°offaxis to the length of long PDMS rectangles (Fig.  2C) . These constructs spontaneously adopted this helical conformation (like a paper towel tube), where the pitch was a function of the angle between the longitudinal axis of the anisotropic tissue and the midline of the thin film. Contraction of the MTF resulted in a decrease in helical pitch while maintaining a constant inner radius (movie S3), producing~300 mm of axial extension and~50°of circumferential rotation (Fig.  2D ). Although this is in contrast to the rolling laminar structure depicted in Fig. 2A , this functional scheme is consistent with alternative theories of diastolic ventricular function which suggest that the ventricles can act as a suction pump (25) .
We built a soft robotic gripper that uses electrical stimulation protocols to produce tonic contraction of the MTF with prescribed strength and grip radius ( Fig. 2E and movie S4 ). An electric field was created using parallel, platinum wire electrodes on either side of the gripper, and a function generator controlled voltage amplitude (10 V, 10 ms pulse-width) and stimulation frequency (19) . Specifically, pacing frequency was modulated from 0.25 to 5.0 Hz to control systolic bending of the gripper and hold the longitudinal ends at a prescribed separation (Fig. 2F) . During contraction, the ends of the gripper come together until they touch and stop due to the contact force. Rather than simply opening and closing once, the gripper was switched from an open state (diastole) to a tonic, closed state during systole by increasing the pacing rate until the MTF entered tetanus at 5 Hz [generating constant stress in excess of 25 kPa ( fig. S6) ]. So, whereas gripping objects by hand is achieved by increased firing rate and motor unit recruitment, in our devices, we could accomplish this only with the former (26) . Shaping and functionalizing of the distal ends of the gripper has potential for enabling tasks such as binding and manipulation of single cells and small biological samples. We can engineer MTF actuators with many functional shapes, but do they generate enough force to be useful? Isometric contraction of MTFs demonstrated specific forces of 1 to 4 mN/mm 2 (fig. S7 ), comparable to tissue engineered myocardium (8, 9) and native cardiac muscle (19) . Unlike artificial muscles, MTFs demonstrate moderate contractile forces, high strain, fast actuation, and low power consumption (5, 19) . On the basis of these findings, we reasoned that MTFs could move by mimicking the locomotion of simple organisms.
MTFs were engineered for use as autonomous, or remotely controlled, soft robotic vehicles. In this context, remote control refers to control of contraction rate using electrical field stimulation. Locomoting constructs, myopods, were designed to walk along the bottom of a Petri dish in a directed path under spontaneous or paced contractions ( Fig. 3 and movie S5) . The myopod was formed from a triangular MTF with isotropic 2D myocardium (Fig. 1A) rather than the anisotropic 2D myocardium (Fig. 1D) , demonstrating that, in this case, microscale control of tissue microstructure was not required for motility. Rather, the spatial symmetry break was achieved by folding the tip of the triangle into a loop reattached midway along the height to create a footpad (Fig. 3A) . The MTFs reconfigure because the exposed PDMS is hydrophobic on the non-cell side, which sticks to itself in aqueous solution and provides a convenient way to fabricate complex 3D shapes. When paced, the myopod moved with constant velocity (Fig. 3B) .
We reasoned that 2D MTFs could replicate the anguilliform swimming motion of a Basilosaurus with properly engineered tissue registered to the appropriate thin-film geometry. Autonomous and remotely controlled swimming MTFs were engineered from~30-mm-thick PDMS films cut into isosceles triangles with the anisotropic myocardium assembled parallel to the height of the thin film (Fig. 4A) . Field stimulation induced a propagating contractile wave ( Fig. 4, B to D) that resulted in increasingly greater orthogonal deflection of the MTF toward the tip. Comparing similar triangle swimmers with isotropic or anisotropic 2D myocardium ( Fig. 4E and movie S6) demonstrated that tissue microarchitecture was critical in potentiating mobility. During a typical experiment (Fig. 4, F  and G) , the anisotropic swimmer traveled~5 times as far, with an average velocity of 3 mm/ min. The isotropic tissue failed to contract in a manner necessary for generating propulsion, twitching and drifting at a rate of 0.6 mm/min (Fig. 4H) .
As in the case of the soft robotic gripper, the electrical pacing protocol applied to the MTF swimmer could be tailored to maximize swimming velocity and minimize the metabolic cost (i.e., maximize distance traveled per contractile cycle) ( Fig. 4I and movie S7) . The swimming motion was separated into two phases, burst (systole) and coast (diastole, passive propulsion). This swimming technique is used by species such as the zebrafish, where a single tail flip is followed by a phase where the fish keeps its body straight (27 Fig. 3 . Myopod capable of autonomous or remote-controlled walking. The myopod was formed from a triangle MTF, with isotropic myocardium (on the convex surface) manually folded into a 3D shape. (A) The motion is illustrated in a schematic side view and live top view as it starts in diastole and steps forward during systole. During systole the myocardium contracted, causing the "leg" to extend and push the myopod forward. As the leg relaxed during diastole, the angled footpad prevented the myopod from slipping backward.
(B) Frame-by-frame video tracking of the front of the myopod at 1-s intervals (denoted by black dots; linear regression denoted by solid line) shows consistent and directed locomotion at a speed of~8 mm/min at 1 Hz pacing (10 V amplitude). Myopod relative velocity (~2.7 lengths/min) is similar to that reported by Xi et al. (~3.7 lengths/min) for their muscle-powered microdevice (13) ; however, the myopod can be reconfigured by refolding it into another conformation and does not require microfabrication to build. Scale bars, 1 mm. was achieved at 1 Hz pacing frequency by taking advantage of this velocity profile (Fig. 4I) . Slower pacing at 0.5 Hz resulted in periodic dips in the velocity as the coasting speed deteriorated before the next contractile cycle. Faster pacing at 2 Hz interrupted the power stroke before it was completed. These findings show that the stimulation frequency may be varied to optimize MTF function. Zebrafish larvae transition from low to high Reynolds number swimming by increasing tail-beat frequency and bend amplitude (degrees) and shifting bend location, which suggests that similar performance is possible with MTF swimmers (28) . We have scaled this swimming behavior from Re~0.1 to~10 for 2 mm to 1.2 cm length-scale MTF swimmers. It should be possible to scale-up these swimmers further (to Re > 100), because zebrafish use the same burstand-coast behavior from larvae (~4 mm) to adult (~35 mm) length-scales (27) . Can we leverage these capabilities to build more advanced soft robotic actuators and devices? One possibility is to borrow biological design principles from organisms such as octopi that use elastic, muscular appendages for complex movements such as bipedal locomotion and articulated joints (29) . Another is to scale-up force generation by increasing the thickness of the 2D myocardium or by combining multiple MTFs in parallel. Beyond devices, analysis of MTF deformation during contraction also has potential for studying biomechanics of myocardial sheets as a model for the laminar muscle of the ventricular wall. Discrete control of individual dopant or impurity atoms is critical to the electrical characteristics and fabrication of silicon nanodevices. The unavoidable introduction of defects into silicon during the implantation process may prevent the uniform distribution of dopant atoms. Cottrell atmospheres are one such nonuniformity and occur when interstitial atoms interact with dislocations, pinning the dislocation and trapping the interstitial. Atom probe tomography has been used to quantify the location and elemental identity of the atoms proximate to defects in silicon. We found that Cottrell atmospheres of arsenic atoms form around defects after ion implantation and annealing. Furthermore, these atmospheres persist in surrounding dislocation loops even after considerable thermal treatment. If not properly accommodated, these atmospheres create dopant fluctuations that ultimately limit the scalability of silicon devices.
T he controlled placement of dopant atoms and the subsequent creation of point defects in Si form the basic materials used to fabricate semiconductor field-effect devices. Each electrically "active" dopant atom contrib-utes an electrical carrier to the lattice. A nonhomogeneous distribution of dopant atoms, as measured over the nanoscale regime, could create a corresponding fluctuation in the electrical characteristics of that region. In macro-sized devices, these localized fluctuations average out over the relatively large area of the device and therefore have a negligible impact on overall performance. Now that device scales are reaching the nanometer regime, localized fluctuations are having an increasingly important impact on the electrical characteristics of individual devices. Imaging of individual dopant atoms is essential to the development of advanced nanoscale devices and is therefore an area of intense interest among the semiconductor community (1) (2) (3) (4) .
Si wafers are most often doped with As, P, or B atoms. Because of the relatively large size of the As atom, its diffusivity is orders of magnitude lower than that of P or B. This low diffusivity makes As a desirable candidate for nanometer-scale device technology (5, 6) . The ion implantation of dopant atoms, particularly the heavier As ions, almost always results in the simultaneous creation of undesired defects. The subsequent evolution of these defects as a function of thermal annealing is well documented (7) (8) (9) . After ion implantation, the Si lattice is heavily damaged or possibly amorphized because the Si atoms have been ballistically removed from their lattice sites. The result is a high concentration of interstitial Si atoms, Si I , with a corresponding supersaturation of Si vacancies, V Si . The application of a small amount of thermal energy (~400°to 600°C) is sufficient to repair the Si crystal structure. In reasonably pure Si, the Si I atoms coalesce into energetically favorable {311} rod-like defects (8, 9) . Where a high areal concentration (>~10 14 /cm 2 ) of impurity atoms is present, the Si I atoms instead form into spheroidal defects of varying size (8, 10) . During continued thermal treatment, the spheroidal defects coalesce and grow into larger de-
